The biosynthesis of pigments (carotenoids and bacteriochlorophylls) in the photosynthetic bacterium Rhodobacter capsulatus is regulated by the oxygen concentration in the environment. However, the mechanism of this regulation has remained obscure. In this study, transcriptional fusions of the bchCXYZ promoter region to lacZ were used to identify the promoter and regulatory sequences governing transcription of these bacteriochlorophyll biosynthesis genes. The promoter region was identified in vivo by making deletions and site-directed mutations. The 50 bp upstream of the promoter region was shown to be required for the oxygen-dependent transcriptional regulation of bchCXYZ. A previously described palindrome sequence is also likely involved in the regulation. A gel mobility shift assay further defined the interaction of transcription regulators with these DNA sequence elements in vitro and demonstrated that a DNA-protein complex is formed at this promoter region. Since the suggested promoter sequence and the palindrome sequence are found upstream of several other bch and crt operons, these sequences may be responsible for regulating oxygendependent pigment biosynthesis at the level of transcription in R. capsulatus. In addition, these cis-acting DNA elements are not found upstream of puh and puf operons, which encode the structural polypeptides of the reaction center and light-harvesting I complexes. This observation supports the model of different regulatory mechanisms for the pigment biosynthesis enzymes and structural polypeptides required for the production of the photosynthetic apparatus.
Rhodobacter capsulatus is a purple nonsulfur bacterium which can grow by multiple metabolic modes (12, 19) . When the concentration of dissolved oxygen in the environment is low, this bacterium forms an intracytoplasmic photosynthetic membrane that can transduce light energy into chemical energy. The photosynthetic apparatus consists of three major pigment-protein complexes, including a reaction center and two types of light-harvesting complexes, I and II. Each of these complexes is composed of several structural polypeptides that bind bacteriochlorophyll and carotenoid pigments. The structural polypeptides are encoded by the puf, puh, and puc operons, and the pigment biosynthesis enzymes are encoded by multiple bch and crt operons.
Oxygen tension is a major factor controlling the coordinate expression of these genes. At least part of the oxygendependent regulation of pigment biosynthesis occurs at the transcriptional level (6, 20, 27) . Although the genes encoding the structural polypeptides and pigment biosynthesis enzymes are both triggered by reduced oxygen tension, two lines of evidence suggest that the regulatory mechanisms for these two classes of operons may be different. First, Armstrong et al. (1) have noted that several DNA sequence motifs, a &70-like sequence and a palindrome sequence, are conserved in the regions upstream from many pigment biosynthesis genes but not upstream from the puf and puh operons. Second, mutations in a newly discovered transregulatory factor, regA, reduce anaerobic induction of structural polypeptide biosynthesis significantly but do not have any significant deleterious effect on pigment gene expression at the level of transcription (20) . This is the most direct * Corresponding author.
evidence for the differential regulation of photosynthesis genes in R. capsulatus.
Although a great deal has been learned recently about the regulatory mechanism of structural polypeptide biosynthesis, much less is known about regulation of pigment biosynthesis. At least part of the reason for this discrepancy is that the pigment biosynthesis genes are induced to a smaller extent (two-to fivefold) at the transcriptional level than those encoding structural polypeptides (10-to 30-fold) (20) and are therefore more difficult to study. Recent studies have focused on the superoperonal organization of pigment biosynthesis and structural genes and the functional importance of this organization for the adaptation from aerobic to anaerobic environmental conditions (reviewed in reference 22) . Despite the apparent importance of transcription initiation of pigment biosynthesis genes, both for their own expression and for the expression of downstream structural gene products, the DNA regulatory sequences controlling transcription have not yet been identified in detail for any pigment biosynthesis operon.
The most intensively studied region from the regulatory point of view is the bchCXYZ operon (formerly bchCA [3a] ; EMBL Data Library accession number Z11165), which codes for several enzymes necessary for the synthesis of bacteriochlorophyll and is part of a superoperon that includes crtEF and pufQBALMX (24, 25) . Transcription initiation at the bchCXYZ promoter is augmented three-to fourfold by reduced oxygen tension (2, 23, 25 sequence similarity to puf operon promoter sequences (23) . However, Armstrong et al. (1) proposed that different sequences in this region with similarity to an Escherichia coli-type cr70 promoter and to a variety of prokaryotic transcription factor binding sites might function in initiating and regulating bchCXYZ expression.
This study identifies the regulatory sequences for transcription initiation at the bchCXYZ promoter. lacZ transcriptional fusions define a minimal 85-bp DNA fragment that confers wild-type regulation of bchCXYZ transcription and demonstrate that a promoter region which has sequence similarity with the E. coli u70 promoter is utilized in transcription initiation. Deletions and site-specific mutations suggest that a palindrome sequence and an AT-rich region are required for proper expression. A gel mobility shift assay demonstrates that a DNA-protein complex forms through specific binding to the above regions.
MATERIALS AND METHODS
Bacterial strains and conijugations. The R. capsulatus strain used in these experiments was B100 (15) . E. coli DH5a (18) was used for cloning and lacZ assays. E. coli strains HB101 and NECO200 (18) were used in conjugation as the donor and the helper, respectively. Plasmids were mobilized from E. coli to R. capsulatus by triparental matings with pRK2013 carried in NECO200 as a helper plasmid, as described previously (28) . Transconjugants were repurified three times on RCV plates (21) and two times on PYE plates (15) with appropriate concentrations of antibiotics (see below).
Growth conditions. All E. coli strains were grown in LC medium (or plates) at 370C, and all R. capsulatus strains were grown in RCV medium (or plates) supplemented with 0.1% thiamine at 320C. Antibiotics were used at the following concentrations: for E. coli, kanamycin, 50 ,ug/ml, and spectinomycin, 100 ,ug/ml; for R capsulatus, kanamycin, 10 pug/ml, and spectinomycin, 10 Plasmid construction. We constructed promoter expression vectors, designed specifically for organisms with DNA of high GC content, in which a multiple cloning site (MCS) was flanked upstream by thepuc* termination hairpin (5) and downstream by the puhA ribosome-binding sequence (26) fused to a promoterless lacZ gene derived from pMC1871 (Fig. 1B) (4) . A pBR322 derivative of this configuration, designated pDC400, was used for all primary cloning, including polymerase chain reaction (PCR) modification of the bchCXYZ promoter region. This MCS and promoterless lacZ were inserted into the BglII site of plasmid pRK290 (8) , which had been modified by the addition of a kanamycin resistance cartridge at the Sall site, to generate pZM400 (Fig. 1A) . Cloned DNA segments were moved from pDC400 into pZM400 by cutting both plasmids with BstEII and SstI, which cuts uniquely in the lacZ coding sequence.
Other pZM plasmids were constructed in an analogous manner. pZM500 and its derivatives differ from pZM400 in that they contain a spectinomycin resistance cartridge inserted into the kanamycin resistance gene of pZM400. We found that spectinomycin resistance was more easily se- 
RESULTS
Promoter expression vector for analyzing bchCXYZ transcriptional regulation. To study quantitatively the regulation of transcription initiation at the bchCXYZ promoter in R. capsulatus, two lacZ transcriptional fusion vectors, pZM400 and pZM500, were constructed ( Fig. 1A and B and Materials and Methods). These vectors are derived from pRK290, whose broad-host-range, low-copy-number (three to five copies per cell [11] ) RK2 replicon is stably maintained in both E. coli and R. capsulatus (8; unpublished data). Since lacZ fusions utilize the puhA translation initiation site in all constructs, a direct comparison of promoter strength can be made between different promoters with these vectors (2) . By inserting various R. capsulatus DNA fragments into the MCS and by making deletions and site-specific mutations, the cis-acting regulatory elements which control expression of the bchCXYZ operon were identified as described below.
The synthesis of bacteriochlorophyll is also regulated by light under anaerobic conditions. Under low-light conditions, or when growing bacterial cultures reached a sufficiently high density to interfere with light transmittance, transcription of the bchCXYZ operon was higher than the fourfold induction level observed in this study (data not shown). In order to separate the effects of oxygen and light on gene regulation, the experiments reported below were performed at a low cell density (OD680 of 0.05) and constant high light intensity (500 W/m2). Under these conditions, light was not a growth-limiting factor, and the induction of bchCXYZ expression was due only to a change in oxygen availability (data not shown).
Deletions define the minimal regulatory region. To identify the promoter and regulatory sites for transcription of bchCXYZ, a series of plasmids were made which contained different lengths of DNA upstream from the transcriptional start site. Each of these constructs had a 3' terminus at the ApaI site at nucleotide +79 relative to the transcription start site, as identified in experiments by Wellington and Beatty (23 Fig. 2 .
The basal level of P-galactosidase activity from pZM400 was quite low, confirming that thepuc* transcription terminator was preventing significant readthrough transcription from the vector. The 85 bp of DNA upstream of the transcription start site (Fig. 3 ) contained in pZM410 was sufficient to confer the same regulation of 3-galactosidase activity as observed for the 2,000-bp DNA fragment contained in pZM430 or the 399-bp DNA fragment in pZM420 (Fig. 2) . These data define the minimal regulatory region and are consistent with an earlier report (25) . Further deletions into this 85-bp region resulted in a loss of inducible gene expression (see below). Therefore, the promoter and essential regulatory elements for the bchCXYZ operon are contained within this 85-bp DNA region.
To investigate the specific promoter and regulatory sequence elements in detail, site-specific mutations and an additional deletion were constructed as described below. The identity of each of the site-specific mutations was verified by DNA sequencing, and the R. capsulatus strains that harbored these mutated plasmids exhibited identical phenotypes and growth rates (data not shown).
bchCXYZ transcription utilizes a promoter which has sequence similarity with E. coli 70 promoter. Two promoter sequences have been postulated for the bchCXYZ operon (Fig. 3) . Armstrong et al. (1) proposed that the sequence TTGACA(N)16AATGAT might constitute the -35 and -10 elements of an E. coli-type a7O promoter, while Wellington and Beatty (23) pointed out that sequences upstream of a putative transcription initiation site were similar to sequences near the puf operon promoter. These proposed promoter sequences overlap extensively. In order to distinguish between these models, site-specific changes were introduced into each region (Fig. 4A) . Certain mutations increased the similarity with the consensus sequences, while others decreased the similarity.
An A--T mutation at position -12 in pZM511 brings the -10 element into closer agreement with the E. coli cT70 consensus sequence but decreases the similarity with the puf-like sequence. Thus, one would predict an enhancement of expression if a cr0-like promoter is utilized at bchCXYZ or a diminution of expression if the puf-like sequences are important for transcription initiation. The mutation in pZM511 significantly enhanced the strength of constitutive lacZ expression (Fig. 4B ). T at this position is one of the most highly conserved nucleotides in the cr70 consensus sequence (16) , consistent with a role for the u0-like sequence in transcription at bchCXYZ. Conversely, a T-*C change at position -35 in pZM512 and an A-+C mutation at position -11 in pZM513 alter highly conserved nucleotides within the postulated -35 and -10 elements and decrease the similarity of the &70-like sequence with the consensus promoter. Both changes reduced transcription to almost a null level (Fig. 4B) tion factors and which is repeated at several other intergenic positions in the photosynthesis gene cluster, overlapping the putative -10 site of the promoter region. Three mutations which reduce the symmetry of this palindrome were made and analyzed for their'effects on lacZ expression (Fig. 5) . Two of the changes were dinucleotide substitutions in either the left half (GT-vCC in pZM515) or the right half (CA-TC in pZM516) of the palindrome. The mutation in the left half (pZMS15) reduced the anaerobic induction of the bchCXYZ promoter by twofold and elevated the overall level of lacZ expression (Fig. SB) . The mutation in the right half (pZM516) also reduced anaerobic induction by twofold but decreased the overall level of lacZ expression. The same dinucleotide mutations were introduced simultaneously into the palindrome region in construct pZMS17 (Fig. SA) . This change drastically altered the sequence of the palindrome, presumably making it unrecognizable as a binding site for a sequence-specific transcription regulator. The aerobic level of lacZ activity in this mutant was midway between those of the half-site mutants (Fig. SB) , and the twofold induction observed with either independent half-site mutant was retained in the double mutant.
The lacZ data presented thus far do not delineate a clear role for the palindrome sequence in transcription of bchCXYZ. The increase in aerobic expression in pZM515 is consistent with a role for binding a repressor under aerobic conditions. On the other hand, the decrease in anaerobic expression in pZM516 argues for a role in binding an activator under anaerobic conditions. Furthermore, it is difficult to explain why all of the palindrome mutants, including the pZM517 double mutant retain some level of transcription stimulation if the palindrome alone is central to regulation of bchCXYZ. However, the gel mobility shift assays described below and the impaired lacZ expression observed for all three mutations make us believe that the palindrome sequence is part of the regulation apparatus.
AT-rich region plays an essential role in regulation. Upstream of the cr70-like sequence is a 50-bp region that has an AT content of 55%, compared with a genome average of only 33% AT in R. capsulatus (Fig. 3) . Similar AT-rich regions have been identified in other intergenic regions of the photosynthesis cluster (1). To determine whether this sequence plays a role in the regulation of transcription, the AT-rich region was deleted in construct pZM518, but the a70-like sequence and the palindrome sequence were left intact (Fig.   5A ). This deletion produced noninducible P-galactosidase activity (Fig. SB) . Thus, the AT-rich region was required to confer regulated expression on the bchCXYZ promoter.
Moreover, a G residue was inserted within the AT-rich region between positions -41 and -42 to produce pZM519 (Fig. 5A ). This mutation resulted in increased levels of both aerobic and anaerobic gene expression and reduced the induction of the bchCXYZ promoter to twofold (Fig. SB) .
In vitro analysis of the bchCXYZ promoter region by gel mobility shift assays. From the in vivo analysis, several DNA sequence motifs were assumed to be important for the regulation of bchCXYZ transcription. In order to further elucidate the role(s) of these sequences, gel mobility shift assays were performed with extracts of either aerobically or shifted anaerobically grown cells. To directly compare the binding efficiency of aerobic and anaerobic extracts, R.
capsulatus was grown under vigorous aeration as described in Materials and Methods. After a portion of the culture was harvested for preparation of an aerobic extract, the remaining cells were shifted to anaerobic conditions in the light and grown for an additional 60 min. During this interval, cell growth is significantly slowed while the culture adapts to the newly required metabolic conditions, and genes for photosynthesis are activated (7) . Sampling the anaerobic extract during this adaptation period facilitates a direct comparison between the aerobic and anaerobic states, since the same culture is used over a short time interval to make both extracts.
A stable DNA-protein complex was observed when a radioactive DNA probe containing the 85-bp wild-type promoter region was incubated with the crude cell lysates (Fig.  6 ). This shifted complex was resistant to competition by a large excess (700-fold by weight) of nonspecific DNA, demonstrating that the complex was formed by the binding of a sequence-specific protein(s) to the probe. Under identical assay conditions, a higher yield of complex seemed to be obtained with the aerobic cell lysate than with the shifted anaerobic lysate (Fig. 6) .
To identify which sequences were involved in complex formation, the binding experiments were also performed with DNA probes with a variety of mutations in the promoter region (Fig. 7) . The gel mobility shift assay with the wild-type sequence was repeated as a control (Fig. 7,  pZM510, lanes 10 to 12) . A DNA-protein complex with mobility identical to that of the one above was also observed with a DNA probe containing a point mutation in the -35 region of the cr0-like sequence (Fig. 7, pZM512 , lanes 13 to 15) even though this point mutation abolished transcriptional initiation completely. Therefore, the shifted band did not arise from the binding of RNA polymerase to its cognate promoter. On the other hand, mutations which were clearly not in the o&0-like sequence affected binding. The complex did not assemble when probes that lacked the 50-bp AT-rich region (Fig. 7, pZM518 , lanes 4 to 6) or contained substitutions within the palindrome sequence (Fig. 7, pZM515 , pZM516, and pZM517, lanes 16 to 24) were used. Insertion of a single G at position -41 within the AT-rich region essentially abolished complex formation (Fig. 7, pZM419 , lanes 7 to 9). The results from these experiments are consistent with the previous genetic analysis, since both the palindrome sequence and the AT-rich region were required for properly regulated expression of lacZ fusions. However, a probe containing the AT-rich region alone was also not sufficient to bind protein under our experimental conditions (Fig. 7, lanes 1 to 3) .
To study further the DNA-protein complex, a binding competition experiment was performed (Fig. 8) . Unlabeled wild-type DNA competed efficiently with wild-type labeled DNA so that, at a 50-fold molar excess, only very little complex was detected in a mobility shift experiment (compare lanes 2 to 4, Fig. 8 ). This control demonstrated that the specific DNA-binding proteins in the cell extract were limiting in this experiment. An unlabeled DNA with a mutation in the -35 region also effectively competed with the labeled probe (Fig. 8, lane 5) . However, DNA fragments that either lacked the AT-rich region (Fig. 8, lane 7) or contained mutations in the palindrome sequence (Fig. 8, lanes 9 to 11) did not effectively compete for binding, even at a 50-fold molar excess over labeled probe. The AT-rich region alone (Fig. 8, lane 8) and a DNA fragment which contained a G inserted into the AT-rich region (Fig. 8, lane 6 ) also failed to inhibit specific complex formation. Finally, even when both the AT-rich region and the palindrome sequence were present on separate DNA fragments at a 50-fold excess, the shifted wild-type band still formed (Fig. 8, lane 12 transcription. Even so, the results from the gel mobility shift assays do suggest that the palindrome sequence is involved in the formation of DNA-protein complex ( Fig. 7 and 8 (16) . N represents any nucleotide. The right half of the figure indicates the number of base pairs between these or70-like sequences and the start codon of the nearest downstream gene. Note that both the -35 and -10 sequences and also the spacing between them are conserved in all three cases. (B) Palindrome sequences found 5' to bch, crt, and puc operons in R. capsulatus and the consensus derived from them. These sequences are compared with the consensus sequence of many prokaryotic transcription regulators, including CAP, LacI, AraC, GalR, LexA, and NifA (1, 9). tified upstream of the R. capsulatuspuc operon (1) . A recent study of the puc operon from a closely related organism, R. sphaeroides, indicates a possible negative regulatory role for a similar palindrome sequence (14) . This raises the possibility that these palindrome sequences are involved in the coordinate regulation of pigment biosynthetic enzymes and the structural polypeptides of the light-harvesting II complex, which are the major binding site for photosynthetic pigments.
Unlike the promoter mutations in pZM511 through pZM513, which drastically increase or decrease the level of both aerobic and anaerobic transcription, deletion of the AT-rich region leads to constitutive gene expression. There are several ways by which the AT-rich region might affect transcription. However, the most straight-forward interpretation, based on our data, is that the AT-rich region is necessary for the binding of a regulatory protein(s). This hypothesis is consistent with our gel mobility shift assays, which show that the AT-rich region is required for the formation of a DNA-protein complex. Interestingly, a second nearly palindromic sequence, TGTCT(N)8TGACA, which is similar to the one identified near the -10 element of the promoter, overlaps the -35 region and the promoterproximal portion of the AT-rich region. It remains to be tested whether this second palindrome sequence is essential to the function of the AT-rich region. If this proves to be the case, then the regulatory defects observed in pZM518 and pZM519 may be attributable to the disruption of this site.
Important questions remain to be answered about the mechanism of transcriptional regulation of pigment biosyn 
